###### Strengths and limitations of this study

-   This study tested new risk models for primary and secondary cardiovascular risk prevention in very old adults using both traditional risk factors and biomarkers.

-   Competing-risk time-to event analyses were used, and both internal and external validation were performed.

-   Comorbidities may have been underdiagnosed because they were not assessed but were reported by the general practitioner.

-   The Leiden 85-plus Study population is quite similar to that of the BELFRAIL study, so further external validation in very old populations might be needed.

Introduction {#s1}
============

People aged 80 years and over are the fastest growing age segment in the developed world. By 2050, approximately 1 in 10 individuals living in Belgium will be aged 80 years or older.[@R1] Cardiovascular disease (CVD) is a considerable cause of disability, morbidity and mortality,[@R2] and CVD status is an important prognostic value in old age.[@R3] Therefore, CV prevention in very old adults is becoming increasingly important. First, early detection and treatment of CVD in very old people without a history of CV events might help preserve cognitive function, independence, functional status and quality of life.[@R2] Second, because of better and advanced treatment options for CVD, more patients survive their CV events, emphasising the importance of secondary CV prevention.

Selection for CV preventive treatment in people aged 80 and over has proven to be very difficult because traditional risk markers lose their predictive value with age or even act in the reverse direction.[@R2] Furthermore, pre-existing risk scores and risk charts for primary prevention, such as Systematic COronary Risk Evaluation (SCORE),[@R14] Framingham Risk Score,[@R15] QRISK[@R17] and the ACC-AHA risk calculator,[@R19] were derived from data of middle-aged people and have not been validated in very old adults. However, there is evidence that biomarkers such as N-terminal pro-B-type natriuretic peptide (NT-pro-BNP),[@R2] troponins,[@R24] high-sensitivity C reactive protein (hsCRP),[@R5] interleukin 6[@R5] and homocysteine[@R5] can be used as predictors of CV morbidity and mortality and can improve the accuracy of risk estimation when added to traditional risk factors in very old adults with or without a history of CVD.

The SMART Risk Score, to predict the 10-year risk of recurrent CV events in patients between 18 and 100 years old with any type of arterial disease, was the first risk calculator to include renal function (estimated glomerular filtration rate (eGFR)) and hs-CRP in addition to all traditional risk markers.[@R26] Poortvliet *et al* compared the traditional CV risk factors and the SMART Risk Score, both with and without NT-pro-BNP, in subjects aged 70--82 years old. They concluded that a model with age, sex and NT-pro-BNP was the most simple and accurate model to predict non-fatal and fatal CV events.[@R27]

Currently, there are no CV risk models for subjects aged 80 and over with or without a history of CVD. Moreover, there is an increasing need to generate simple, easily applicable risk models for CV risk prediction in very old adults.[@R4] Therefore, this study was performed as a first step in the development of a new risk model to predict 3-year CV morbidity and mortality in very old adults with or without a history of CVD, based on traditional risk factors and biomarkers (eGFR, NT-pro-BNP and hs-CRP), using data from the BELFRAIL cohort study.[@R30] An external validation of the new risk models was performed in the Leiden 85-plus Study.[@R31]

Methods {#s2}
=======

Study population {#s2-1}
----------------

The BELFRAIL cohort study is an observational population-based prospective cohort study of very old adults in three well-circumscribed areas in Belgium. The study protocol, sampling methods and sample size calculation have been described previously.[@R30] Briefly, between November 2008 and September 2009, 567 individuals aged 80 years and older were recruited in 29 general practice centres, excluding only those with severe dementia, medical emergencies or palliative care. At baseline, the general practitioners (GPs) recorded sociodemographic data and medical history. A clinical research assistant performed a standardised assessment at each participant's home, including ECG and blood sample collection. All participants gave informed consent.[@R30]

Patient and public involvement {#s2-2}
------------------------------

No patients were involved in the development of the research question, study design or interpretation of the data. There are no plans to disseminate the results of the research to study participants or the relevant patient community.

Clinical variables {#s2-3}
------------------

The presence of hypertension and diabetes was registered. The history of CVD was expressed as the history of a minor or a major CV event. The history of a minor CV event was defined as a positive response for a history of angina pectoris, transient ischaemic attack, peripheral arterial disease or an episode of decompensated heart failure. A history of a major CV event was defined as a history of myocardial infarction (reported by the GP or present on the ECG (Minnesota code 1--1 or 1--2, excluding 1-2-8) (QRS Universal ECG device (QRS Diagnostic, Plymouth, USA))), history of stroke or important CV interventions or surgery (percutaneous transluminal coronary angioplasty or stenting, coronary or arterial surgery). Smoking status was registered.

The Anatomical Therapeutic Chemistry classification system was applied to register medication use. Data on relevant CV medication, including diuretics, β-blockers, calcium antagonists, ACE inhibitors, angiotensin II receptor blockers and lipid lowering agents, were used.

Blood pressure was measured in the sitting position on both arms with the GP's own blood pressure metre and was repeated once after 2 min. The systolic and diastolic blood pressure (highest value, left or right arm) after 2 min was used in the analyses.

A blood sample was collected in the morning after fasting and plasma (ethylenediaminetetraacetic acid (EDTA)) and serum samples were stored at −80°C. Total cholesterol, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol, creatinine and hsCRP were measured using the UniCel DxC 800 Synchron (Beckman-Coulter, Brea, USA). eGFR using the MDRD formula. Serum NT-pro-BNP was measured using the Dade-Dimension Xpand (Siemens, Deerfield, USA). The coefficient of variation ranged from 3.9% to 4.3%.

Outcome {#s2-4}
-------

Three detailed follow-up questionnaires were completed by the participating GPs at 1.4±0.3, 3.0±0.3 and 5.1±0.3 years after baseline. These questionnaires included questions on mortality and cause of death. The causes of death were divided into CV and non-CV according to the GPs' assessment and subsequent review by two independent researchers blinded to all clinical data. The two first questionnaires also included questions on the incidence of major CV events such as myocardial infarction and stroke. The outcome for the present study was the combination of CV mortality and incident morbidity (myocardial infarction or stroke) 3 years after baseline, whatever came first.

External validation {#s2-5}
-------------------

The Leiden 85-plus Study is an observational population-based prospective follow-up study of inhabitants of the city of Leiden, the Netherlands. Participants were aged 85 years at baseline. Between September 1997 and September 1999, all inhabitants of Leiden born between 1912 and 1914 were asked to participate from their 85th birthday onwards. There were no exclusion criteria. At baseline and yearly up to the age of 88, the participants were visited at their place of residence to take questionnaires, undergo functional tests, give blood samples and record an ECG. Medical history was obtained from the participant's GP or nursing home physician, and incident events between ages 85 and 88 were obtained yearly. All participants provided informed consent.[@R31]

Data analysis {#s2-6}
-------------

Descriptive statistics for baseline characteristics and outcome variables are presented as mean and SD, median and IQR or counts and percentages. NT-pro-BNP levels and hsCRP levels were log transformed because of the strongly skewed nature of the data. Cox proportional hazards regression models were used to estimate the HR of individual risk factors for the combined end point of CV mortality and morbidity. To build the different risk models, the following strategy was used: first, a multivariate model with all the traditional risk factors was composed (model 1); second, a multivariate model that included all traditional risk factors and statistically significant biomarkers from the univariate analysis was built (model 2); third, all risk factors with a p≤0.25 in the univariate analysis and age and sex were included in the multivariate analyses (model 3); fourth, only the statistically significant biomarkers from the univariate analysis and age and sex were included in the multivariate model (model 4). Models were checked for the proportional hazard assumption. In the case of multicollinearity (r value \>0.80), only one of the two covariables was considered in the multivariable model. Because non-CV mortality precluded the occurrence of the primary event of interest (CV mortality and incident morbidity), we decided to run a competing-risk analysis and to compute the sub-HR (SHR) using the method described by Fine and Gray.[@R32] Harrell's C (coefficient of concordance) was calculated as a measure of the ordinal predictive power of each model.[@R33] We used a bootstrapping procedure to calculate a 95% zone of uncertainty around each coefficient as an internal validation procedure.

Furthermore, continuous net reclassification improvement (NRI) and integrated discrimination improvement (IDI) were used to compare the predictive value of the different models using the model with the traditional CV risk factors as the reference model. The continuous NRI is the sum of the proportion of correctly reclassified subjects for events (NRI events) and non-events (NRI non-events) considering all changes in predicted risk between two models for events and non-events, without a defined risk categorisation. The IDI is the difference in discrimination slopes between two models (absolute IDI) or the difference in discrimination slopes over the slope of the reference model (relative IDI).[@R34]

To evaluate and compare the different prediction models, the net benefit was calculated. The net benefit is the difference between true positives and false positives, weighted by the relative harm of a false positive and a false negative result.[@R38] The net benefit for each model was calculated over all possible risk categories and compared against two clinical alternatives using a prediction model: considering all participants as positive and applying a treatment or intervention ('treat all') or considering all participants as negative and applying no treatment or intervention ('treat none'). The prediction model claimed to be better at predicting an outcome should have a higher net benefit than the 'treat all' and 'treat none' alternatives and the other competing models. Decision curves were constructed by plotting the net benefit of the competing models (vertical axis) across the range of risk categories for the outcome (range 0.05--0.50) (horizontal axis).[@R38] Decision curve analysis complements and adjusts conclusions based on just statistical measures such as NRI, IDI and Harrell's C index. It is a simple way of giving an answer to the question of which model would lead to a better clinical outcome.

Finally, an external validation of the four models was performed in the Leiden 85-plus Study population. Harrell's C, discrimination statistics and decision curves of the different models were calculated in the Leiden population.

Statistical analysis was performed with Stata V.13.0 (StataCorp) and SAS University Edition (SAS Institute).

Results {#s3}
=======

The initial BELFRAIL cohort consisted of 566 participants. At baseline, 286 of them did not have a history of CVD, and 280 had a history of CVD. All variables were available for 93% of participants in each subset. [Table 1](#T1){ref-type="table"} shows the description of the study population.

###### 

Description of the study population (n=526)

  ---------------------------------------------------------------------------------------------------------------------
                                             Participants without history of CVD\   Participants with history of CVD\
                                             (n=266)                                (n=260)
  ------------------------------------------ -------------------------------------- -----------------------------------
  Age, mean±SD (years)                       84.29±3.57                             85.25±3.79

  Male, n (%)                                70 (26.3)                              122 (46.9)

  Total cholesterol, mean±SD (mg/dL)         210.52±42.83                           192.42±42.86

  HDL cholesterol, mean±SD (mg/dL)           58.38±15.87                            52.41±13.42

  Systolic blood pressure, mean±SD (mm Hg)   142.25±20.55                           140.80±19.94

  Current or past smoking, n (%)             61 (22.9)                              102 (39.2)

  Presence of diabetes\*, n (%)              44 (16.5)                              56 (21.5)

  Presence of hypertension†, n (%)           184 (69.2)                             185 (71.2)

  Antihypertensive medication‡, n (%)        201 (75.6)                             224 (86.2)

  Lipid lowering medication, n (%)           69 (25.9)                              103 (39.6)

  History of major cardiovascular event      0 (0)                                  183 (70.4)

  NT-pro-BNP, median (IQR) (pg/mL)           140.40 (77.33--270.45)                 253.60 (125.00--752.05)

  eGFR, mean±SD (mL/min)                     67.92±21.48                            59.73±22.40

  hsCRP, median (IQR) (mg/dL)                0.188 (0.078--0.401)                   0.175 (0.082--0.431)
  ---------------------------------------------------------------------------------------------------------------------

\*According to the general practitioner or the prescription of blood glucose lowering medication.

†According to the general practitioner.

‡β-blocker, diuretic, calcium antagonist, ACE inhibitor or AT II receptor antagonist.

CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; hsCRP, high-sensitivity C reactive protein; NT-pro-BNP, N-terminal pro-B-type natriuretic peptide.

Follow-up data were available for all participants. After 3 years, 37 participants (7.0%) developed a CV event, and 56 (10.6%) died due to a CV cause. The combined end point was present in 26 participants (9.8%) without a history of CVD and in 56 (21.5%) with a history of CVD.

Multicollinearity was found between total cholesterol and LDL-cholesterol (r=0.94, p\<0.001). All further analyses were done with only total cholesterol.

Models in participants without history of CVD {#s3-1}
---------------------------------------------

The univariate regression analysis showed a strong association between log-transformed NT-pro-BNP levels and the combined end point (SHR 3.17 (95% CI 1.60 to 6.26)). Additionally, total cholesterol was associated with the combined end point (SHR 1.05 (95% CI 0.97 to 1.14)). Four different multivariate models were built as described in the Methods section ([table 2](#T2){ref-type="table"}). The Harrell's C statistics of the different models were comparable.

###### 

Competing-risk analysis for the prediction of 3-year CV morbidity and mortality (taking into account non-CV mortality as a competing risk)

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------
                                                Univariate analysis\   Multivariate analysis\                                                
                                                SHR (95% CI)           SHR (95% CI)                                                          
  --------------------------------------------- ---------------------- ------------------------ ---------------------- --------------------- ---------------------
  Participants without history of CVD (n=266)                                                                                                

   Age (per year increase)                      0.97 (0.86 to 1.1)     0.96 (0.84 to 1.10)      0.90 (0.77 to 1.07)    0.91 (0.78 to 1.06)   0.93 (0.80 to 1.07)

   Male                                         1.51 (0.69 to 3.29)    2.96 (0.92 to 9.50)      3.58 (1.10 to 11.59)   2.23 (0.95 to 5.25)   1.82 (0.77 to 4.31)

   Total cholesterol (per 10 mg/dL increase)    1.05 (0.97 to 1.14)    1.08 (0.97 to 1.14)      1.09 (0.98 to 1.21)    1.10 (1.01 to 1.20)   

   HDL cholesterol (per 10 mg/dL increase)      1.05 (0.83 to 1.34)    1.03 (0.77 to 1.38)      1.08 (0.79 to 1.47)                          

   Systolic BP (per 10 mm Hg increase)          1.03 (0.82 to 1.29)    1.04 (0.83 to 1.32)      1.01 (0.81 to 1.26)                          

   Current or past smoking                      0.88 (0.35 to 2.17)    0.39 (0.09 to 1.66)      0.91 (0.80 to 1.04)                          

   Presence of diabetes                         0.89 (0.31 to 2.58)    0.97 (0.31 to 2.97)      0.98 (0.31 to 3.10)                          

   NT-pro-BNP (log transformed)                 3.17 (1.60 to 6.26)                             0.91 (0.80 to 1.04)    4.30 (2.06 to 8.93)   3.59 (1.74 to 7.41)

   eGFR (per mL/min increase)                   0.99 (0.96 to 1.02)                                                                          

   hsCRP (log transformed)                      1.12 (0.60 to 2.10)                                                                          

   Harrell's C-index (95% CI)\*                                        0.61 (0.49 to 0.73)      0.72 (0.61 to 0.83)    0.70 (0.59 to 0.81)   0.67 (0.53 to 0.79)

  Participants with history of CVD (n=260)                                                                                                   

   Age (per year increase)                                             1.03 (0.96 to 1.09)      1.02 (0.95 to 1.09)    1.02 (0.96 to 1.09)   1.03 (0.96 to 1.09)

   Male                                         0.90 (0.53 to 1.52)    0.61 (0.30 to 1.20)      0.67 (0.34 to 1.35)    0.87 (0.50 to 1.53)   0.79 (0.46 to 1.37)

   Total cholesterol (per 10 mg/dL increase)    1.05 (0.99 to 1.11)    1.08 (1.02 to 1.14)      1.09 (1.03 to 1.16)    1.08 (1.02 to 1.15)   

   HDL cholesterol (per 10 mg/dL increase)      0.89 (0.72 to 1.09)    1.04 (0.97 to 1.11)      0.81 (0.63 to 1.05)                          

   Systolic BP (per 10 mm Hg increase)          0.997 (0.87 to 1.14)   0.99 (0.98 to 1.01)      0.99 (0.98 to 1.03)                          

   Current or past smoking                      1.23 (0.73 to 2.09)    1.50 (0.79 to 2.82)      1.35 (0.71 to 2.58)                          

   Presence of diabetes                         0.71 (0.35 to 1.44)    0.65 (0.31 to 1.34)      0.73 (0.34 to 1.56)                          

   History of major CV event                    1.95 (1.01 to 3.77)    2.28 (0.97 to 4.80)      2.27 (1.12 to 4.57)    2.19 (1.12 to 4.29)   1.85 (0.97 to 3.54)

   NT-pro-BNP (log transformed)                 1.80 (1.16 to 2.79)                             1.69 (0.97 to 2.93)    1.71 (0.98 to 2.97)   1.48 (0.97 to 2.27)

   eGFR (per mL/min increase)                   0.99 (0.98 to 1.01)                                                                          

   hsCRP (log transformed)                      1.92 (1.24 to 2.97)                             1.32 (0.76 to 2.28)    1.53 (0.98 to 2.37)   1.04 (0.97 to 1.11)

   Harrell's C-index (95% CI)\*                                        0.68 (0.61 to 0.75)      0.70 (0.62 to 0.77)    0.68 (0.61 to 0.75)   0.67 (0.60 to 0.74)
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------

Model 1: multivariate model with all the traditional risk factors; model 2: multivariate model that included all traditional risk factors and statistically significant biomarkers from the univariate analysis; model 3: multivariate model with all risk factors with a p≤0.25 in the univariate analysis and age and sex; model 4: multivariate model with only the statistically significant biomarkers from the univariate analysis and age and sex).

\*Calculated as a zone of uncertainty using bootstrapping.

BP, blood pressure; CV, cardiovascular; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HDL, high-density lipoprotein; hsCRP, high-sensitivity C reactive protein; NT-pro-BNP, N-terminal pro-B-type natriuretic peptide; SHR, sub-HR.

[Table 3A](#T3){ref-type="table"} presents discrimination statistics of the different models for 3-year CV mortality and morbidity with model 1 as the reference model. Based on the risk reclassification improvement measures (NRI and IDI), compared with model 1, model 2 improved the risk reclassification for 16.7% of participants with an event and 39.6% of participants without an event. This can be interpreted as 56% of the subjects being better classified with respect to the baseline model. Model 3 improved the risk reclassification for 9.8% of patients with an event and 32.1% of patients without an event, while model 4 improved the risk reclassification for 7.5% of participants with an event and 24.3% of participants without an event. Overall, compared with model 1, model 2, with the addition of NT-pro-BNP, had the highest relative IDI for 3-year CV mortality and morbidity (4.01), increasing the difference in mean predicted probability of events and non-events by 401%. Model 3 and model 4 also showed very high relative IDIs.

###### 

Discrimination statistics of the different models for 3-year cardiovascular morbidity and mortality (BELFRAIL data)

  --------------------------------------------------------------------------------------------------------------------------------------------------
                                                NRI~cf~\                NRI~cf~\    NRI~cf~\        IDI absolute\            IDI relative\
                                                (95% bootstrap CI)      Events, %   Non-events, %   (95% bootstrap CI)       (95% bootstrap CI)
  --------------------------------------------- ----------------------- ----------- --------------- ------------------------ -----------------------
  Participants without history of CVD (n=266)                                                                                

   Model 1                                      Reference model                                                              

   Model 2                                      0.56 (0.16 to 0.99)     16.7        39.6            0.10 (0.06 to 0.16)      4.01 (2.19 to 6.28)

   Model 3                                      0.42 (−0.03 to 0.86)    9.8         32.1            0.09 (0.05 to 0.16)      3.69 (1.72 to 6.38)

   Model 4                                      0.32 (−0.12 to 0.74)    7.5         24.3            0.09 (0.04 to 0.14)      3.44 (1.56 to 6.09)

  Participants with history of CVD (n=260)                                                                                   

   Model 1                                      Reference model                                                              

   Model 2                                      0.38 (0.09 to 0.70)     19          19              0.03 (0.02 to 0.06)      0.53 (0.23 to 0.90)

   Model 3                                      0.09 (−0.21 to 0.40)    5           3.5             0.02 (0.003 to 0.04)     0.33 (0.04 to 0.70)

   Model 4                                      −0.03 (−0.34 to 0.27)   −2.4        0.7             0.0004 (−0.02 to 0.02)   0.006 (−0.26 to 0.35)
  --------------------------------------------------------------------------------------------------------------------------------------------------

Participants without history of CVD=model 1: age, sex, systolic BP, total cholesterol, HDL, smoking, diabetes; model 2: age, sex, systolic BP, total cholesterol, HDL, smoking, diabetes, NT-pro-BNP; model 3: age, sex, total cholesterol, NT-pro-BNP; model 4: age, sex, NT-pro-BNP.

Participants with history of CVD=model 1: age, sex, systolic BP, total cholesterol, HDL, smoking, diabetes; model 2: age, sex, systolic BP, total cholesterol, HDL, smoking, diabetes, history of major cardiovascular event, NT-pro-BNP, hsCRP; model 3: age, sex, total cholesterol, history of major cardiovascular event, NT-pro-BNP, hsCRP; model 4: age, sex, NT-pro-BNP, hsCRP.

BP, blood pressure; CVD, cardiovascular disease; HDL, high-density lipoprotein; hsCRP, high-sensitivity C reactive protein; IDI, Integrative Discrimination Index; NRI~cf~, category-free net reclassification improvement; NT-pro-BNP, N-terminal pro-B-type natriuretic peptide.

[Figure 1](#F1){ref-type="fig"} shows the decision curve analyses. Models 2--4 showed a higher net benefit in each risk category compared with model 1 and were similar to each other. Depending on the risk category, models 2 or 3 or 4 showed the highest net benefit. Overall, models 2--4 were shown to be models of higher clinical value and had higher rates of avoiding unnecessary 'treatment' in comparison with the traditional CV risk model.

![Decision curve: participants without history of CVD (BELFRAIL cohort). CVD, cardiovascular disease.](bmjopen-2019-035809f01){#F1}

Models in participants with a history of CVD {#s3-2}
--------------------------------------------

Univariate regression analysis showed significant associations between total cholesterol, history of major CV events, NT-pro-BNP and hsCRP and the combined end point ([table 2](#T2){ref-type="table"}).

Differences in Harrell's C statistic were not significant between the different models. Based on the risk reclassification improvement measures, compared with model 1, model 2 improved the risk reclassification for 19% of patients with an event and 19% of patients without an event. This gave a total improvement in risk reclassification of 38%. Models 3 and 4 did not show a significantly improved risk reclassification compared with model 1. Overall, compared with model 1, model 2 had the highest relative IDI for 3-year CV mortality and morbidity (0.53), increasing the difference in mean predicted probability of events and non-events by 53%. Model 3 also showed a high relative IDI.

[Figure 2](#F2){ref-type="fig"} shows the decision curve analysis. Overall, model 2 had the highest net benefit, although model 1 was the model with the highest net benefit, at a risk probability of 0.20--0.27.

![Decision curve: participants with history of CVD (BELFRAIL cohort). CVD, cardiovascular disease.](bmjopen-2019-035809f02){#F2}

External validation {#s3-3}
-------------------

The [online supplementary table](#SP1){ref-type="supplementary-material"} shows the results of a competing-risk regression analysis for the prediction of 3-year CV morbidity and mortality in the Leiden cohort (taking into account non-CV mortality as a competing risk) and using the same predictors as in the BELFRAIL risk model(s) except for age, since all participants had the same age at baseline. [Table 3B](#T4){ref-type="table"} and [figures 3 and 4](#F3 F4){ref-type="fig"} show the discrimination statistics and the decision curves as applied to the data of the Leiden 85-plus Study. The results of these analyses appear to be similar to the findings in the BELFRAIL cohort.

10.1136/bmjopen-2019-035809.supp1

![Decision curve: participants without history of CVD (Leiden 85+ cohort). CVD, cardiovascular disease.](bmjopen-2019-035809f03){#F3}

![Decision curve: participants with history of CVD (Leiden 85+ cohort). CVD, cardiovascular disease.](bmjopen-2019-035809f04){#F4}

###### 

Discrimination statistics of the different models for 3-year cardiovascular morbidity and mortality (Leiden 85-plus study)

  --------------------------------------------------------------------------------------------------------------------------------------------
                                                NRI~cf~\               NRI~cf~\    NRI~cf~\        IDI absolute\         IDI relative\
                                                (95% bootstrap CI)     Events, %   Non-events, %   (95% bootstrap CI)    (95% bootstrap CI)
  --------------------------------------------- ---------------------- ----------- --------------- --------------------- ---------------------
  Participants without history of CVD (n=264)                                                                            

   Model 1                                      Reference model                                                          

   Model 2                                      0.47 (0.14 to 0.82)    17.84       29.9            0.06 (0.04 to 0.08)   5.21 (3.52 to 7.26)

   Model 3                                      0.41 (0.07 to 0.72)    25.13       15.94           0.04 (0.02 to 0.06)   3.63 (2.41 to 5.26)

   Model 4                                      0.27 (−0.08 to 0.57)   15.97       11.38           0.04 (0.02 to 0.05)   3.37 (2.09 to 5.07)

  Subjects with history of CVD (n=282)                                                                                   

   Model 1                                      Reference model                                                          

   Model 2                                      0.42 (0.15 to 0.69)    14.03       28.37           0.10 (0.07 to 0.13)   1.36 (0.98 to 1.79)

   Model 3                                      0.46 (0.20 to 0.72)    17.93       28.10           0.11 (0.08 to 0.15)   1.52 (1.06 to 2.05)

   Model 4                                      0.48 (0.22 to 0.74)    22.60       26.12           0.11 (0.08 to 0.14)   1.45 (0.99 to 2.00)
  --------------------------------------------------------------------------------------------------------------------------------------------

Participants without history of CVD=model 1: sex, systolic BP, total cholesterol, HDL, smoking, diabetes; model 2: sex, systolic BP, total cholesterol, HDL, smoking, diabetes, NT-pro-BNP; model 3: sex, total cholesterol, NT-pro-BNP; model 4: sex, NT-pro-BNP.

Participants with history of CVD=model 1: sex, systolic BP, total cholesterol, HDL, smoking, diabetes; model 2: sex, systolic BP, total cholesterol, HDL, smoking, diabetes, history of major cardiovascular event, NT-pro-BNP, hsCRP; model 3: sex, total cholesterol, history of major cardiovascular event, NT-pro-BNP, hsCRP; model 4: sex, NT-pro-BNP, hsCRP.

CVD, cardiovascular disease; IDI, Integrative Discrimination Index; NRI~cf~, category-free net reclassification improvement.

Discussion {#s4}
==========

Main findings {#s4-1}
-------------

This study tested new CV risk models for very old adults with and without a history of CVD. We found that traditional CV risk factors were poor predictors of 3-year CV mortality and morbidity. However, the addition of biomarkers such as NT-pro-BNP and hs-CRP significantly improved the prediction of CV mortality and morbidity. Moreover, in participants without a history of CVD, NT-pro-BNP performed very well as a stand-alone predictor. This study emphasises the high clinical value of biomarkers such as NT-pro-BNP in predicting 3 years CV mortality and morbidity in very old adults.

Comparison with previous research {#s4-2}
---------------------------------

### Risk prediction models in very old adults without a history of CVD {#s4-2-1}

Our results are in line with other observational studies showing that traditional CV risk factors lose their predictive value in very old adults.[@R2] On the other hand, biomarkers, especially NT-pro-BNP, become more important in old age for different reasons. First, NT-pro-BNP remains a disease-speciﬁc marker of cardiac illness, even in very old adults.[@R21] Low levels of NT-pro-BNP can be used to exclude echocardiographic abnormalities in very old age.[@R41] Second, NT-pro-BNP has been shown to predict mortality and CV events.[@R21] Moreover, the prognostic information from NT-pro-BNP is independent of traditional CV risk factors, prevalent CVD, left ventricular dysfunction and renal function.[@R20] Elevated NT-pro-BNP in very old patients without previous hospitalisations for cardiac disease or evidence of heart failure may be caused by occult conditions, such as asymptomatic heart failure, atrial fibrillation, myocardial hypertrophy and left ventricular diastolic dysfunction, all of which are common in older adults.[@R43]

Other studies have shown that adding biomarkers to a model consisting of traditional risk markers improved the risk prediction in older adults.[@R10] However, these studies had a lower mean age of the population (71 and 78 years old) and included only male participants. Our study confirms the value of adding biomarkers for predicting CV risk in adults aged 80 and over without a history of CVD.

### Risk prediction models in very old adults with a history of CVD {#s4-2-2}

In our study, although overall the traditional CV risk factors showed a lower predictive value, the history of a major CV event and the level of total cholesterol were significantly associated with the combined end point in all models. The importance of the severity of a previous event has been proven in younger patients[@R45] but also in very old adults.[@R2] In subjects aged 85 and older, van Peet *et al* demonstrated that a history of a minor event conferred only half the risk of having a recurrent event compared with a history of a major event. The association we observed between cholesterol and the combined end point is in contrast with the findings of Weverling-Rijnsburger *et al*, who concluded that total cholesterol is not a significant risk marker for CV mortality in older subjects with a history of CVD. They found that only low HDL-cholesterol was a risk factor for fatal coronary artery disease and stroke, not high LDL or high total cholesterol.[@R47]

Previous studies also found that adding biomarkers to the traditional risk markers gave better and more correct risk stratification.[@R48] Zengin *et al* found that diabetes was the strongest predictor of all traditional CV risk markers for a recurrent CV event and identified an added value of CRP. However, they did not add NT-pro-BNP as a biomarker, and they only studied participants with a history of coronary diseases.[@R49] On the other hand, in the SAVOR TIMI 53 trial in subjects with diabetes and overt CVD aged between 39 and 99 years old, Scirica *et al* added NT-pro-BNP as a biomarker and observed that adding high-sensitivity troponin T, NT-pro-BNP or hsCRP to the classical clinical variables improved the prediction of CV death, myocardial infarction and hospitalisation for heart failure.[@R48] In the PROSPER trial, Poortvliet *et al* concluded that NT-pro-BNP was the strongest biomarker to add to traditional CV risk markers to predict CV mortality and morbidity in secondary prevention.[@R27] However, the results of the current study do not harmonise from all perspectives with the results from the PROSPER data. Poortvliet *et al* concluded that the model based on age, sex and NT-pro-BNP was the most simple and accurate model to predict the 2.5 years risk of fatal and non-fatal CV events in subjects aged between 70 and 82 years old with a history of CVD.[@R27] The current study confirmed that the simple models were better than the model based on the traditional risk factors in the Leiden 85-plus Study cohort, but not in the BELFRAIL cohort. This difference might be explained by the differences in study population: the data from PROSPER and Leiden 85-plus Study were collected 10 years before the BELFRAIL study population.

Implications for practice and future research {#s4-3}
---------------------------------------------

Our study illustrates the risk factor paradox in very old adults, showing that traditional CV risk factors lose their predictive value. Possibly, the poor predictive value of traditional risk factors is a reflection of different metabolism and homeostatic mechanisms in middle-aged people compared with very old ones. Furthermore, the status of traditional CV risk markers in very old adults does not necessarily reflect the lifetime status and evolution of these markers, and thus, they are not able to effectively stratify CV risk in old age.

We showed that adding biomarkers to traditional risk factors would improve the risk stratification in primary and secondary prevention in very old adults. Biomarkers may represent a simple and easily applicable strategy for CV risk prediction in very old adults. Better identification of patients at high risk for CV events will lead to more accurate selection of patients who might benefit from specific pharmaceutical or non-pharmaceutical treatment strategies. Therefore, future research should focus on developing easy-to-use risk scores for very old adults in daily practice and investigating the effect of treatment or treatment intensification in better-identified patients at risk. Also the impact of an intervention on the levels of biomarkers and the possibility to monitor the effect of the intervention by serial measurements of these biomarkers remains to be investigated.

Strengths and limitations {#s4-4}
-------------------------

This study has several strengths. This is one of the few studies that tested new risk models to predict 3-year CV mortality and morbidity in very old adults with or without a history of CVD based on traditional risk factors and biomarkers. We used competing-risk time-to event analyses, and both internal and external validation were performed.

A few limitations should be noted. First, although started 10 years before, the Leiden 85-plus Study population is quite similar to that of the BELFRAIL study. The similarities between these two populations may be seen as a disadvantage, and further external validation in very old populations might be needed. Second, comorbidities may have been underdiagnosed because they were not assessed but were reported by the GP. Third, the misclassification of the causes of death into CV and non-CV causes could be a limitation, but this classification was reviewed by two independent researchers blinded to all clinical data. Fourth, the outcomes were GP reported and were not derived from standardised information systems. However, GPs intensively follow very old adults in Belgium. In this regard GPs are best placed to report the cause of death of their patients. Furthermore, the cause of death of old persons that can be found in the offical death statististics in Belgium is often registered by their GP. Fifth, only 3-year risk models were tested. However, the incidence of CV morbidity and the risk of mortality is high at an average age of 85 years. Also the impact of CV morbidity on the quality of life is large. Therefore, 3-year risk prediction models were considered relevant in this age segment.

Conclusion {#s5}
==========

We cannot rely on pre-existing risk scores and charts to predict CV mortality and morbidity in people aged 80 and over. This study tested new risk models for primary and secondary CV risk prevention in very old adults using both traditional risk factors and biomarkers. Traditional CV risk factors poorly predicted 3-year CV mortality and morbidity, but biomarkers such as NT-pro-BNP and hs-CRP showed a strong added predictive value in subjects with and without a history of CV events. Furthermore, in subjects without a history of CVD, NT-pro-BNP performed very well as a stand-alone predictor. This opens new perspectives for clinicians who are in need of a simple, easily applicable strategy for CV risk prediction in very old adults.
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